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INTRODUCTION.

ONE of the earliest of the applications of the Doppler-Fizeau principle in astrophysics was to the prob-

lem of the rotation of the sun. The detection of the minute displacements of the spectrum lines at the

sun's limb by Vogel in 1871 (>)* not only furnished an invaluable proof of the validity of the principle,

but also indicated the possibility of obtaining, with the aid of more powerful apparatus, a measure of the

rate of rotation by an independent method free from many of the difficulties possessed by such methods

as depend upon direct observations of the solar surface. The invention of the diffraction grating made

it possible to apply to the study of the solar spectrum spectroscopes of much greater power than any

previously available, and with its aid Young in 1876 (2) was able to measure the displacements of the

spectrum lines at the sun's equator with a considerable degree of accuracy, and to show that the results so

obtained were in satisfactory agreement with those derived from observations of the sun-spots. Shortly

after, Langley (3) and Cornu (4) made an interesting application of the principle by showing how lines

due to the earth's atmosphere may at once be distinguished from those of solar origin by their freedom from

displacement when the spectra of the opposite edges of the sun are observed simultaneously.

In 1888 Duner began at Upsala his celebrated investigation of the rotation of the sun (s). This work,

continued throughout 1889 and 1890 and repeated in the years 1901 to 1903, is without doubt the standard

of reference among those who have since undertaken the study of this problem. Duner in this investiga-

tion made use of the suggestion by Langley already mentioned, and by employing atmospheric lines as his

standards of reference was enabled to make all of his measures differential, and so to attain an extraor-

dinarily high degree of precision. His determinations are grouped about points separated by intervals

of 15 between the solar equator and 75 of heliographic latitude, a point far beyond the limit reached in

sun-spot observations. With the aid of these results he was able to discuss exhaustively the validity of the

various formulae connecting the rotation period with the latitude proposed by Carrington, Faye, and

Spoerer as the result of their observations of sun-spots between the equator and 45 of latitude. From
this discussion he concluded that Faye's formula most closely represented his independent observations

in the higher latitudes. Many references will be made to this memoir of Duner in the following pages.

Following Duner's earlier work some photographic observations were made by Jewell at Baltimore (6),

but no details of the results obtained by him have been published. In 1887 Crew (?) also took up the prob-

lem and obtained a series of values differing widely from those of Duner. It seems probable that some

source of systematic error was present in these observations, a possible cause, as Crew himself suggested,

being that arising from displacements of the slit due to heating by the sun's image.

The most recent investigation was that made by Halm at Edinburgh (8) during the years 1903 to 1906,

and led to results of the highest accuracy and importance. Like Duner, Halm made use of the differential

method, and since the lines employed by him are the same as those of Duner, the two series of results are

strictly comparable. In two essential features the instruments used by Halm differ from those of most

previous investigators. The first was in the use of a heliometer to form the solar image, it being possible

by movement of the divided object-glass to pass rapidly from one extremity of the solar diameter to the

other. The second was in the employment of a fixed horizontal spectroscope in place of an instrument

attached to an equatorial telescope and moving with it. The advantages of such a type of spectroscope

can hardly be questioned, and it was probably mainly due to this cause that Halm's observations showed

* Numbers in parenthesis indicate references to literature on p. 133.
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such a high degree of internal agreement, the probable errors being only about one-half of those of Duner.

It was as a result of these observations that Halm concluded a variable period of rotation for the sun, his

determinations for separate years showing large systematic deviations from each other. In a final paper

on the subject (9) he also discussed the later observations of Duner and arrived at the conclusion that these,

like his own, gave evidence of a periodic variation in the sun's rate of rotation. The importance of the

question thus raised can hardly be overestimated, and it will perhaps be the main consideration in future

investigations of this problem.

All of the preceding determinations of the rotation period of the sun, with the exception of that of

Jewell, have been based on visual observations. While it is probable that the photographic method does

not possess tor such an investigation the overwhelming advantages which it has in the case of faint and

difficult spectra, it has certain points of superiority which render an independent determination by its aid

of the greatest value. Two of these are especially important. The visual determinations have been

based upon a very limited number of lines in the less refrangible part of the spectrum. With the photo-

graphic method it is possible to employ a much larger number of lines and to utilize the more refrangible

part of the spectrum where the lines are more numerous and the variety of elements which can be

employed correspondingly greater. These facts were fully realized at the time of the establishment of the

Mount Wilson Solar Observatory, and plans were made for taking up a photographic investigation of the

rotation period of the sun as soon as suitable instrumental equipment was ready. With the completion

of the Snow telescope, and the powerful i8-foot spectrograph used in conjunction with it, a combination

of apparatus admirably adapted for the work was available, and accordingly in the spring of 1906 the first

observations were begun. These were continued until June, 1907, after which all observational work on

the rotation of the sun was transferred to the tower telescope.

Since the investigation was commenced five series of observations have been made and are discussed

in the pages which follow. Two of these deal with lines selected from the spectrum of the general reversing

layer, two with the a line of hydrogen, and the fifth with X 4227 of calcium. The lines of hydrogen and

calcium give results differing widely from those obtained for the reversing layer, and so, of course, should

be treated individually. Moreover, since the two series of determinations for the reversing layer are

separated by a considerable interval of time, and the apparatus employed in the second series was entirely

different from that in the first, it seems desirable to treat them separately in the present discussion. Brief

accounts of the main results of these two series of observations have already been published, the first in

1907 (10) and the second in 1909 (n). A detailed account of the observations and reductions follows in

Sections i-io. The discussion and comparison of the results will be considered in Sections 1 1-20.



OBSERVATIONS AND METHODS OF REDUCTION.

i. OBSERVATIONS OF 1906-1907.

THE Snow telescope consists of a ccelostat mirror of 30 inches (76.2 cm) diameter mounted equatorially,

which throws a beam of light upon a second plane mirror 24 inches (61.0 cm) in diameter mounted south of

it. From this in turn the light passes to a concave mirror of 24 inches aperture and 60 feet (18.3 m) focal

length placed at the north end of the telescope house. All of the mirrors are mounted upon masonry piers

and are supplied with slow motions, so that the illumination of the concave mirror may be controlled from

the ccelostat and the position of the image varied according to the instrument with which it is to be used.

The direction of the beam from the second plane mirror to the concave mirror is not horizontal but is

inclined at an angle of 5, owing to the nature of the ground on which the building is placed. For a similar

reason the track upon which the second mirror mounting moves does not point north and south but at an

angle of 15 to this direction. The ccelostat mirror may be moved east and west upon a track and the

second plane mirror north and south (more accurately northeast and southwest) in order to provide for the

variation in the sun's declination. The concave mirror can be moved along the direction of the optical axis to

allow for focusing of the solar image, and by simple rotation of the mirror the image may be thrown upon any
instrument desired. The image formed by the concave mirror has a mean diameter of 6.7 inches (17.0 cm).

The 1 8-foot (5.5 m) spectrograph used in this investigation and for many other spectrum studies as well,

in particular that of the spectra of sun-spots, is placed about 18 inches (45.7 cm) to one side of the optical

axis and about 12 inches (30.5 cm) above it, its tube lying directly above the 5-foot spectroheliograph. It

is of the Littrow, or auto-collimating, type, with a lens 4 inches (10.2 cm) in diameter used with a plane

grating of the same aperture. Both lens and grating are supported on a cast-iron base. The lens is focused

by a screw and moves in ways parallel to the optical axis, and may be clamped in any desired position.

The grating is mounted in the face of a metal box which rests upon a rotating table, its position being
defined by four screws which touch its surface lightly. The original purpose of the metal box was to provide
for temperature control, if needed, but in the present investigation the exposures have been so short as to

render this unnecessary. Reflections from the surface of the lens are prevented from reaching the plate by
a narrow bar placed across the lens, and in addition a system of diaphragms is provided along the tube of

the spectrograph. This tube is of wood covered with sheet iron and its central section immediately over the

spectroheliograph can be rotated out of place in order to give free access to the prism box of the latter

instrument.

The slit and plate-holder are carried by a single large casting, the base of which rests on a masonry pier.

The distance between the center of the slit and the center of the plate-holder opening is about 3 inches (7.6

cm), an amount too small to introduce any appreciable astigmatism into the spectrum lines. The plate-

holder may be moved up and down by a rack-and-pinion in order to provide for taking several exposures on

the same relate. In front of the spectrograph and about 6 inches (15.2 cm) below the slit is a large cast-iron

bracket which serves to support the various auxiliary attachments used in conjunction with the spectrograph.
The marked advantages to be derived from photographing the opposite edges of the sun simultaneously,

and so doubling the displacements to be observed, led to the employment of a modified form of the device

first suggested by Langley. A brass casting with a circular opening about 7 inches (17.8 cm) in diameter

carries two brass arms, each of which forms a radius of this opening and rotates about its center. On the

outer end of each arm is mounted a small diagonal prism, its mean distance from the center of rotation

3



4 AN INVESTIGATION OF THE ROTATION PERIOD OF THE SUN BY SPECTROSCOPIC METHODS.

corresponding to the mean radius of the sun's image. These prisms are capable of adjustment toward and

away from the center in order to allow for variations in the diameter of the sun. At the inner ends of the

brass arms and immediately in front of the slit are two other diagonal prisms which receive the beams of

light from the first pair. These prisms taper at the end to a width of 0.5 mm, and are mounted with their

edges about 0.25 mm apart. The latter distance, accordingly, represents the separation on the photo-

graphs of the spectra of the two opposite edges of the sun. At the outer ends of the arms are pointers by
means of which readings are made upon a silvered circle concentric with the opening in the brass casting and

graduated to half degrees. The whole apparatus is mounted upon the cast-iron bracket already referred to,

and its position with reference to the slit is accurately defined by two taper pins which enter the bracket.

The grating which has been used throughout this investigation is one of the earlier Rowland gratings,

with ruled surface 3.25 by 1.75 inches (8.3x4.4 cm), and has 14,438 lines to the inch (570 lines to the

millimeter). The spectra in the second, third, and fourth orders on one side of the normal are exception-

ally bright and the definition is excellent, in spite of the great focal length of the spectrograph. For all

of the work on the rotation of the sun with this spectrograph the fourth order has been used, the great

linear scale thus obtained being of the utmost value. In this order, at X 4200, i mm =
0.71 Angstrom.

The importance of accurate adjustment of the spectrograph in a study of small displacements can not

be too highly emphasized. In the present investigation the greatest care has had to be taken to guard

against unequal illumination of the collimating lens and grating surface by the light from the opposite edges

of the sun. It is evident that a small change in the position of the diagonal prisms near the slit would affect

this illumination most seriously. Accordingly, before each exposure it has been my practice to occult the

images of the two edges in succession and to examine the character of the illumination from each edge.

The accuracy of this test has been examined photographically and it has been found to be capable of giving

good results when the slit is narrow and the illumination is fairly weak. In addition to this a valuable

check upon the accuracy of the adjustment is furnished by the relative density of the pair of spectra on the

photographic plates, and no plates have been included in the series used for measurement in which there is

any marked difference in the intensity of the spectra of the two edges of the sun. A comparison of the ratio

of aperture to focal length in the case of telescope and spectrograph shows that provided the adjustment is

reasonably accurate the margin of safety for full illumination of the grating is considerable. In the case of

the telescope the ratio is i : 30, while in that of the spectrograph for the full aperture of the collimating

lens it is i : 54, or, for the surface of the grating actually employed, about i : 72.

A brief description of the actual procedure followed in taking the plates may be of value. The auxiliary

diagonal prism apparatus is placed in position in front of the spectrograph and the image of the sun cen-

tered upon it and focused on the slit. The image is then slightly displaced by rotation of the ccelostat

mirror, the clock stopped, and the points of transit observed of a spot or other well-defined object on' the

solar disk across the position circle. Usually several sets of readings have been made and a mean taken.

Since the orientation of the image with this form of coelostat mounting depends upon the position of the

second plane mirror on its track as well as upon that of the ccelostat carriage, these observations for a line

of reference have been made before each series of plates, and in most cases repeated after the series, espe-

cially if the interval covered is at all long. Occasionally the transits have been obtained by rotation of the

ccelostat mirror by means of its slow motion, and comparison with the values secured when the image is

allowed to drift shows that there is little choice between the two methods. The range of several such

determinations usually amounts to about o?2 or o?3- With the aid of these observations the east-and-west

reference line is found and the position of the sun's pole and equator is then readily computed from an

auxiliary table, such, for example, as is given in the Companion to the Observatory. As soon as the position
of the sun's equator is known, the diagonal prisms are set for the latitude desired, the illumination of

the grating is examined, and the exposure taken. The second setting upon the position circle is then made
and the process repeated. Usually six exposures have been taken upon each plate, although the number
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varies according to the latitudes employed. In general, I have used the same plan as that adopted by
Duner of taking points 15 apart between o and 75 of latitude, but some intermediate points have also

been added, particularly in the higher latitudes when the orientation of the image was especially favorable.

In selecting the region of the spectrum to be employed several considerations have been borne in mind.

The use of photographic plates and the desirability of keeping the exposure times as short as possible in

order to avoid heating of the slit jaws, as well as changes of focus and astigmatism of the solar image due

to changes in the figure of the mirrors arising from prolonged exposure to the sun's heat, naturally led to

the employment of the more refrangible part of the spectrum. The fact that the observations of Duner and

Halm were obtained in the less refrangible part also made the use of an independent region most desirable.

Although the displacement of the spectrum lines for a given radial velocity is proportional to wave-length

and consequently smaller in the violet part of the spectrum than in the red, this disadvantage is fully

counteracted by the possibility of employing higher dispersion and fine-grained photographic plates to

procure greater linear scale and higher resolution. The plates finally used were Seed's "Process" plates,

which give excellent contrast and are appreciably more rapid than lantern-slide plates in the violet part of

the spectrum. A second consideration which led to the selection of a region in the violet was the neces-

sity of obtaining the lines of a sufficient variety of elements within the range of wave-length such as could

be secured on a single plate. After considerable examination the part of the spectrum between X 4200 and

\ 4300 was selected. The plates employed are very sensitive to this region, and within its limits are

found an immense number of lines including a part of the G group, as well as the head of the first violet

cyanogen fluting. The presence of the so-called "blue line" of calcium at X 4227 has also proved of great

value in the later observations. The list of lines finally adopted is given in Table i. The wave-lengths,

intensities, and identifications are from Rowland's table.

TABLE i. LINES OBSERVED IN 1906-1907.

X
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and the same reason holds in lesser degree for zirconium. Iron is represented by seven lines in the list, a

number sufficient to eliminate to a great extent possible peculiarities among individual lines when a mean

value is taken. Titanium is of great interest because of its relatively high level in the chromospheric

spectrum, and a larger number of lines would have been desirable in its case. The necessity, however, for

selecting the lines best suited for measurement, and free from close neighboring lines, has limited the num-

ber to three. Of these X 4290.377 is an enhanced line, that is, relatively stronger in the spark spectrum
than in that of the arc. The other lines belong to elements having an atomic weight close to that of iron.

The last column in Table i gives the behavior of the lines at the limb of the sun as compared with the

center. At the time at which the list was selected these remarkable differences in intensity and appear-

ance were not known (12). It was noted on the earliest plates, however, that the lines at the limb as a rule

were decidedly broader and more diffuse, as well as in most cases somewhat weaker, than the lines of the

ordinary solar spectrum in this region. At first this was thought to be due to some instrumental cause,

possibly the long path traversed by the light through the glass of the diagonal prisms, but the discovery

soon afterward, by Mr. Hale and myself, of the essential differences in character of the spectrum of the sun's

limb fully explained the difficulty. In view of this relative diffuseness of the lines in the immediate neigh-

borhood of the edge of the sun, it seems to me probable that a slightly higher degree of accuracy might be

attained in future observations by taking the light from a point somewhat farther within the disk than

that which is usually employed, and applying the small corrections needed to reduce to the sun's edge.

Observations have shown that the spectrum of the limb reverts to the normal solar spectrum very rapidly

as the slit is moved away from the sun's edge, and the gain in the sharpness of the lines would probably
more than compensate for the small difference in the size of the displacements measured. An accurate

knowledge of the distance of the slit from the limb would, of course, be essential.

2. RECORD OF OBSERVATIONS, 1906-1907.

The series of plates employed in this investigation, numbering 44, began in May, 1906, and extended

to June, 1907. Between July and October, 1906, no plates were taken, but with the exception of this

interval the period is fairly well covered. The plates used do not include all which were taken, but careful

selection was made with special regard to quality and the conditions under which they were obtained.

Halm has called attention to the importance of the transparency of the sky in such observations, the effect

of a hazy sky, or light cloudiness, being to superpose the spectrum of skylight upon the spectrum from the edge
of the sun, and consequently to make the displacements measured systematically too small. This point
was usually tested visually in the same way as was done by Halm, and a few quantitative determinations

of the effect were also made from photographs obtained at a time when the sky was particularly hazy.
The record of the observations contained in Table 2 gives the data for the individual plates. The

estimates of the definition in the fourth column are on a scale of 10. The column headed "Scale concave

mirror" refers to the setting of the concave mirror mounting upon its track and is read upon an arbitrary
scale. Positive readings indicate a direction north from zero, or a greater distance between mirror and slit.

The considerable variations in these readings are due to the change of figure of the system of mirrors, par-

ticularly of the ccelostat mirror, when exposed to the sun's heat. This change is dependent upon a variety
of conditions, especially the state of the silver surfaces of the mirrors and the temperature of the air sur-

rounding them. The column headed "Observations for zero" gives the readings of the points of transit

across the position circle of definite points on the sun's disk. The method of observing these has been ex-

plained previously. The readings of the position circle refer to the settings of the pair of diagonal prisms,
and it is from these settings that the latitudes of the observed points on the sun's edge are calculated. The
numbers following the words "ccelostat" and "second flat" in the column of remarks indicate the positions
of these mirrors on their respective tracks. The orientation of the sun's image of course is dependent upon
these quantities.



RECORD OF OBSERVATIONS, 1906-1907.

TABLE 2. RECORD OF OBSERVATIONS, 1906-1007.

DATE.
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TABLE 2. RECORD OF OBSERVATIONS, 1906-1907 Continued.

DATE.



RECORD OF OBSERVATIONS, 1906-1907.

TABLE 2. RECORD or OBSERVATIONS, 1906-1907 Continued.

DATE.
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TABLE 2. RECORD or OBSERVATIONS, 1906-1907 Continued.

DATE.



MEASUREMENT AND REDUCTION. II

3. METHODS OF MEASUREMENT AND REDUCTION.

The series of photographs used in this investigation have been measured upon two comparators, one

by Toepfer of Potsdam, with a 150 mm screw, and the other by Gaertner of Chicago, with an 80mm screw.

The Toepfer instrument has been used by Miss Lasby of the Computing Division, and the Gaertner ma-

chine by myself. The screws of both comparators have a pitch of 0.5 mm and have been investigated for

periodic errors as well as for errors of run, with results which have proved most satisfactory. In the case

of the Toepfer instrument, upon which a majority of the plates have been measured, the series of determi-

nations of a fixed distance ruled on a glass plate for every alternate 10 revolutions of the screw between 10

and 280 indicates remarkably small periodic errors. At a maximum these amount to 0.3 p (0.0003 mm),

which is considerably below the limit of accuracy of measurement for spectrum plates. The reading

head of the Toepfer comparatoris divided into 100 parts, and so can be read directly to 5 /u, and by esti-

mation to 0.5 fj..
The errors of run are also small, but of course do not need to be considered in small

differential measures of this sort.

An examination of the screw of the Gaertner comparator indicates periodic errors amounting at a maxi-

mum to 2
fj..

If this amount entered fully into the value of the displacements it would of course be neces-

sary to apply corrections for it. Since the maximum error, however, applies only to a half-revolution of the

screw, that is, 250 p, while the largest displacements measured (at the sun's equator) are 90 fj,,
it is evident

that only about one-third of the total value can affect the measures. Moreover, in reversing the plate for

the second series of measures, care has been taken to set the plate in such a way that the opposite part of

the revolution of the screw is employed to that used in the first series. The effect, accordingly, is to

balance the errors in the two cases, and it seems altogether probable that the errors due to the irregularities

of the screw with this comparator, as in the case of the larger instrument, fall well below the errors of

measurement. The reading head of the Gaertner comparator is divided into 500 parts, so that settings

can be made directly to i
/j,,

and estimations to o.i p, if desired.

The procedure followed in measuring the plates is as follows. After the plate has been adjusted on the

comparator so that the small interval separating the two spectra of the opposite limbs falls at the center of

the field of view, and the plate has been carefully lined up for parallelism to the direction of motion of the

screw, four settings are made on each line in the two spectra. The difference between the means of these

settings gives the relative displacements of the lines between the two limbs, or double the displacement

due to the rotation of the sun. After the whole plate has been measured throughout in this way it is

reversed and a similar series of settings made in the second position. Since only dark lines are involved,

no such systematic differences between the results in the two directions due to physiological causes are

found as in the case of spectra in which a comparison spectrum with bright lines is used, but the additional

set of measures has proved most useful in correcting peculiarities in the appearance of individual lines, and

a higher degree of accuracy, of course, is obtained from this doubling of the number of settings. The means

of the displacements obtained from the two series of measures are then combined to give the final values.

The complete measurement in both directions of a plate containing 6 latitudes involves a total of 1920

settings.

A most important consideration in the measurement of the plates is the question of the inclination of the

micrometer wire in the eye-piece of the measuring instrument. Unless this is accurately parallel to the

true direction of the spectrum lines, a considerable error may be introduced into the displacements, since

reversal of the plate does not affect the position of the wire in this regard. It is evident that the correc-

tion could be obtained by making the second measurement through the glass, but the practical objections

to this procedure are obvious, and it is probable that small errors might be introduced by refraction in the

glass plate. Accordingly, the following method was finally adopted. A solar spectrum taken with a long

slit was obtained at the center of the sun with the direction of the slit parallel to the sun's axis, a position
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in which the inclination of the lines evidently would not be affected by the sun's rotation. With this plate

as a standard the vertical micrometer wire was carefully adjusted until it coincided with the lines of the

spectrum throughout their entire length and then clamped in position. Since the lines of the rotation

spectra are very short (about 1.5 mm for each pair of spectra), it is evident that the accuracy of adjustment

for these spectra must be all that can be desired. When any change in the inclination of the slit has been

made, or the grating rotated about a vertical axis, a new standard plate has been taken and the micrometer

wire readjusted. This has been done on but one occasion in the present series of observations.

After the linear displacements have been obtained in this way the conversion into velocity is effected by
the aid of Table 3. The second column gives the factor for conversion of the displacements into Angstrom

units, and the third the value of a displacement of one Angstrom unit in kilometers for each of the lines

measured. The last column is the product of the two by the factor one-half, since double the rotational

velocity is actually measured. It is this column which is used in practice. The table is for the Toepfer

comparator ;
for the Gaertner instrument the quantities in the second and fourth columns are twice as

large, since the unit of measurement is the millimeter instead of the half-millimeter as in the case of the

Toepfer comparator.

TABLE 3. CONVERSION or DISPLACEMENTS INTO VELOCITIES. OBSERVATIONS OF 1906-1907.

X
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the formula reads

sin r,
= _ sinisin(Q-n)

SUITT

In all cases in which the value of ~n is large the values have been worked out rigorously. In the lower

latitudes, where the values of n are comparatively small and vary but slightly, use has been made of the

convenient table given by Duner.

A third correction is required to allow for the earth's motion in its orbit, or, in other words, to reduce

the observed values of the rotation period of the sun to the sidereal rotation period. The formulae neces-

sary for the derivation of this correction have also been worked out completely by Duner and are given

by him in his memoir, together with excellent tables of reference. Frequent use has been made of these

in reducing the results given here. It would of course give the same final values to convert the observed

linear velocities into angular velocities and then apply the corrections necessary to allow for the earth's

motion directly from the almanac values, and in some ways this procedure would be preferable. To
facilitate comparisons with other results it has seemed desirable to add the corrections directly to the

linear velocities. The total value of this correction varies from o at the pole to about 0.14 km at the

equator.

The computation of the heliographic latitudes of the points under observation is made in the following

way with the aid of De La Rue's Tablesfor Determining the Angle of Position of the Sun's Axis : The position

angle of the sun's axis in reference to the north point, as well as the heliographic latitude of the earth, is

found for the date of observation, the tables being constructed with the sun's longitude as an argument.
The position of the north point is found in the way already explained by transits of the sun's disk across

the position circle of the instrument. Accordingly, if

p = position angle of point from sun's north point

P = angle of sun's pole from north point
D = earth's heliographic latitude

the heliographic latitude $ of the point desired is found by the formula

sin <f>
= cos (p P) cos D

The polar distance IT is, of course, the complement of the angle <.

4. SOURCES OF ERROR.

As in all quantitative investigations of the displacements of spectrum lines, the errors in the results

obtained in the present study naturally fall under two heads. Under the first are those due to instrumental

causes, leading to errors in the values of the displacements on the plates. Under the second fall errors

arising from the measurement of the plates and the reduction of the results obtained. There can be little

doubt that of these two the first is by far the more serious, since errors of this sort are much more liable

to be of a systematic character than those arising from either measurement or reduction.

The principal sources of error to be considered under the first head are as follows :

(1) Astigmatism, changes of focus, and lack of definition of the solar image.

(2) Heating of the slit jaws during exposures.

(3) Unequal illumination of the grating from the opposite edges of the sun.

(4) The presence of the spectrum of skylight, which tends to reduce the values of the displacements
observed.

I have already discussed (3) and (4) in a preceding paragraph and described the precautions taken to

avoid the introduction of error from them. It seems probable that any difficulty due to the presence of the

skylight spectrum can hardly be appreciable when the plates used for measurement have been selected



14 AN INVESTIGATION OF THE ROTATION PERIOD OF THE SUN BY SPECTROSCOPIC METHODS.

from those taken on especially transparent days. Experiments made by Mr. Hale and myself (13) have

indicated that on a day of average transparency on Mount Wilson the brightness of the sky spectrum

close to the edge of the sun is about one-fortieth that of the spectrum inside the limb. Accordingly, this

would represent about the maximum effect in the case of the plates under consideration, and a contribution

of one-fortieth to the intensity of the spectrum lines would probably be entirely inappreciable both in the

appearance of the plates and in the measurement. The influence of inequalities in the illumination of the

grating can probably never be absolutely eliminated, but with the aid of the precautions taken in securing

the exposures I feel confident that the effect has been reduced to a minimum, and that in an extended

series of observations the residual effect can be regarded mainly as an accidental error which will tend to

eliminate itself with a sufficient number of plates.

The question of the heating of the slit jaws during the exposures has been treated with especial care,

since errors arising from this source have been encountered by other observers. On account of the com-

paratively small ratio of i : 30 between aperture and focal length in the Snow telescope, and the relatively

large image employed, the amount of heat which falls upon the slit is of course much less than in the case of

relatively short focus telescopes. Additional advantages are the silvering of the slit jaws, which helps to

reflect the heat that falls upon them, and the fact that a length of only about 3 mm of the slit is exposed to

the sun when the plate is taken. In order to obtain a definite test, however, I have tried several exposures

upon the same part of the sun, using a comparison spectrum obtained with and without the interposition

of a glass cell containing a thickness of 20 mm of water. Such a screen could hardly fail practically to

eliminate heat effects on the slit. The measurement of these plates has indicated no difference whatsoever

between the results obtained with and without the screen, and the conclusion seems to be warranted that

any effect upon the rotation values due to heating of the slit jaws during the exposures must be very small.

The first source of error referred to in the list, which has to do with the astigmatism and lack of definition

of the sun's image upon the slit of the spectrograph, is perhaps the most serious of any encountered in

the investigation. In working with the Snow telescope we have found that the definition of the solar image
toward the middle of the day is much inferior to what it is in the early morning and late afternoon, and

that the effect of prolonged exposure of the mirrors to sunlight at this time of day is to introduce a consid-

erable amount of astigmatism due to changes of figure of the plane mirrors. This shows itself in a distortion

of the image and a difference of focus between the vertical and horizontal diameters. The effect of this

upon determinations of rotation is to introduce into the slit additional light from points differing slightly

in latitude from those upon which the diagonal prisms are set, and also to cause a slight difference for

different latitudes in the distance from the sun's edge at which the light is taken. The first is probably
much the more serious. The effect of changes of focus during the exposures is also in the direction of

bringing into the slit scattered light from other latitudes than those upon which the instrument is set,

and the same holds true of most defects in the character of the sun's image.

Since the plates for the determination of the rotation of the sun have been taken for the most part

toward the middle of the day, the early morning hours and the late afternoon being utilized for the spec-

troheliograph, the effects discussed here must have influenced the results obtained to a certain extent.

The selection of the plates to be used for measurement, however, and the rejection of those which were

obtained under especially unfavorable conditions, must have rendered decidedly less the amount of the

error from this source which can enter into the determinations. In taking the plates it has been found

possible to reduce materially the amount of astigmatism and variation of focus by keeping the mirrors

cooled by a circulation of air about them from electric fans, and by shutting off the sunlight for short inter-

vals between the successive exposures on the plate. It is evident that even in the case of a poorly defined

image the main effect of the introduction into the slit of the scattered light from points bordering on the

latitudes employed will be to widen the lines without altering the displacements seriously, since in general

the foreign light will come from regions distributed symmetrically about these points of latitude. In the
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case, however, of a marked change in the character of the image during the exposures on the various lati-

tudes, systematic errors might be introduced, and such effects would naturally be greater in the higher

latitudes, where the change of velocity with the latitude is more rapid than it is near the equator. It is

of course impossible to say to what extent these effects may have entered, and I can only emphasize the

fact that all the precautions which have seemed feasible have been taken to keep the character of the image

the same during the series of exposures.

A consideration of the second class of errors which may influence these results, those that arise from

errors of measurement and reduction, may be passed over rapidly. The methods of measurement and the

screw errors affecting the instruments employed have already been discussed in full, and it seems probable

that there can be but little systematic error due to this source affecting the results. In the reductions,

moreover, methods rigorous within the limits of accuracy required have been followed, and consequently

there is little to be feared from this source except as regards numerical errors of computation. To avoid the

latter a considerable part of the work has been done in duplicate, especially that involving the various cor-

rections to the observed velocities and the computation of the latitudes. The conversion of the measured

displacements into velocities is readily checked by comparison with a standard table.

In conclusion it should be noted that small absolute errors may be introduced into the results by

uncertainty in the values of the constants of reduction employed. Throughout the observations of

1906-1907 the following values, by Carrington, of the inclination of the sun's equator / and the longitude

of its ascending node ^ have been used.

i = fi 5
' =

74 24' (1906)

In concluding this discussion of the sources of error in the observations, reference should be made to a

class of phenomena present in the sun which under certain conditions may very seriously affect the results

obtained for the rotation. These are the disturbances in the solar atmosphere which have been discussed

recently under the term "
Solar Vortices

"
(u), although their character is as yet by no means clear. The

influence of the presence of such disturbances will be referred to more fully in connection with the considera-

tion of the series of observations of 1908, and some numerical results will be given at that time. It is

sufficient to call attention here to the fact that these solar storms sometimes affect very large regions of the

sun's surface, and that throughout these regions the velocities due to the rotation of the sun may be greatly

modified by the proper motions of the areas involved.

5. RESULTS FOR THE INDIVIDUAL PLATES, 1906-1907.

The detailed results for the separate plates used in this investigation are given in Table 4. The main

consideration borne in mind in the construction of this table has been to give all the data essential to an

independent computation of the values derived from the plates. With this in view, at the beginning of the

summary for each plate are given the constants used in the reduction of that plate, together with the

necessary data for the computation of the latitudes and the auxiliary angles employed in correcting the

observed values. Although most of the symbols have already been defined, for the sake of convenience

it may be well to repeat them at this point.

O = longitude of sun.

fl = longitude ascending node of sun's equator = 74?4 for 1906.

P - angle between sun's pole and north point.

D = earth's heliographic latitude.

"f = heliographic polar distance of point observed = 90 <f>.

n = angle made by the plane passing through the point observed, the sun's pole, and its center,

with the plane corresponding to the sun's visible edge.
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The diameter of the image is found by computation in the way already described from the almanac

value of the sun's angular semi-diameter combined with the concave mirror setting of the Snow telescope.

The "factor" referred to is the semi-diameter divided by one-half the distance between the diagonal prism

openings which admit the light to the slit.

The results for the individual lines of each plate for the various latitudes are given immediately below

the constants for the plate. The values of A are the mean total displacements expressed in half-milli-

meters. Hence the largest displacements measured are about 0.075 mm - In the case of plates measured

with the Gaertner comparator the values of the displacements have been multiplied by two, in order to

make all of the quantities given homogeneous. The meaning of the other symbols employed in the tables

is as follows :

v = linear velocity corresponding to the sun's synodic period of rotation.

ill correction for reduction to sidereal period of rotation.

=
daily angular velocity corresponding to the sidereal period of rotation.

It is evident from the consideration of the methods of reduction that

[ Value one-half revolution 1

v = A x
\ . }

x Factor x sec rj

[
of micrometer in km

j

The values of the second quantity are obtained from the last column of Table 3. The corrections v\ are

from the tables of Duner (s). The value of is readily found from v + v
l by means of the formula

, v + v
l=

[0.851228]
-

J

COS$

where N is the number of seconds in a mean solar day and R is the sun's radius in kilometers.

Some of the values for the individual plates given in Table 4 differ to a certain extent from those which

appeared in an earlier communication (10). This is due mainly to the inclusion of a number of measures

of plates by myself which I have found an opportunity to make in the interval since the first publication.

As a consequence the mean values obtained represent much more nearly the average values for the two

observers, Miss Lasby and myself, than did the earlier results. The values given here should accordingly

be more nearly free from systematic peculiarities of measurement. There are also a few changes due to

revision of the constants applied for correction of the observed velocities, particularly of the constant of

reduction to the sidereal period of rotation. The final effect of all such changes on the mean values, how-

ever, is very small, the largest difference in the mean for any normal place amounting to about 0.005 km.

In the table the abbreviations L. and A. refer to Miss Lasby and myself, while the two comparators used,

the Toepfer and Gaertner instruments, are designated by T. and G. respectively.
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Plate

TABLE 4. RESULTS FOE INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907.

3. 1906, May 3, 7
h
30 G. M. T. Measured by L. on T. Distance from Limb 2.4 mm. Quality, good.
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OP 1906-1907 Continued.

Plate w 6. 1906, May 8, 6" om G. M. T. Measured by L. on T. Distance from Limb 2.4 mm. Quality, good.
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 8. 1906, May 19, ioh 3o
m G. M. T. Measured by A. on G. Distance from Limb 2.3 mm. Quality, good.

p-p f sec 7

O
0-0
p
D

58.0

16.4

19-0
2.O

Diameter 179.2 mm
Factor 1.028

14.6
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate ia 19. 1906, June 12, 6h 45
m G. M. T. Measured by L. on T. Distance from Limb 2.2 mm. Quality, good.

Q 80.8
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Plate

TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

20. 1906, June 12, 7
h

i5
m G. M. T. Measured by L. on T. Distance from Limb 2.2 mm. Quality, good.

p P T i) seci

O 80.9
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 21. 1906, June 12, 7" 45 G. M. T. Measured by L. on T. Distance from Limb 2.2 mm. Quality, good.

P-P

o-n
p
D

80.9

6-5
it. i

0.9
Diameter 169.1 mm
Factor 1.027

14.9
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate ID 23. 1906, June 15, 6h om G. M. T. Measured by L. on T. Distance from Limb 2.3 mm. Quality, good.

p P T 1 secTi

Q
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 24. 1906, June 15, 6h 15 G. M. T. Measured by L. on T. Distance from Limb 2.4 mm. Quality, good.

P-P sec?)

O
o-n
p
D

83-7

9-3

9.9
1.2

Diameter 169.5 mm
Factor 1.030

15.0

30.0
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate u 25. 1906, June 15, 6h 35 G. M. T. Measured by L. on T. Distance from Limb 2.3 mm. Quality, good.

P-f sec 7)

O
o-n
p
D

83-7

9-3

9.9
1.2

Diameter 169.5 mm
Factor i .030

15.0

30.0
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 26. 1906, June 16, 6'
1 20' G. M. T. Measured by L. on T. Distance from Limb 2.7 mm. Quality, good.

84.5
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 -Continued.

Plate 27. 1906, June 16, 7
h
s
ra G. M. T. Measured by L. on T. Distance from Limb 2.7 mm. Quality, good.

t-P SCOT

o
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1906-1907 -Continued.

Plate <> 30. 1906, Oct. 19, n h iom G. M. T. Measured by A. on G. Distance from Limb 3.6 mm. Quality, good.
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TABLE 4. RESULTS FOR_!NDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Platew3i. 1906, Oct. 19, i2h iom G. M. T. Measured by A. on G. Distance from Limb 3.6 mm. Quality, good.

P-P seci
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Platew36. 1906, Nov. ii, ioh I5
m G. M. T. Measured by A. on G. Distance from Limb 2.2 mm. Quality, good.

P-P secy

Q
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TABLE 4. RESULTS JOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 37. 1906, Nov. n, ioh 40 G. M. T. Measured by A. on G. Distance from Limb 2.2mm. Quality, good.

f-P sec 11
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 38. 1906, Nov. n, n h om G. M. T. Measured by L. on T. Distance from Limb 2.2 ram. Quality, good.

P-P
O 228.6

G-n 154.2
P -22.6
D 3-1

Diameter 171.6 mm
Factor 1.027

15-7
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 39. 1906, Nov. n, n h
i$
m G. M. T. Measured by L. on T. Distance from Limb 2.2 mm. Quality, good.

Q 228.7
0-n 154-3
P -22.6
D 3.1

Diameter 171.6 mm
Factor 1.027

p-p
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 35. 1906, Nov. n, ioh om G. M. T. Measured by L. onT\ Distance from Limb 2.2 mm. Quality, good.

O 228.6

9-n 154-2
P -22.6

p-p

15.5

90-5

7T

15.8 74.2

90.5 -0.5

12.6

3-'

sec i)

I.02I

i.002
D 3.1

Diameter 171.6 mm
Factor 1.027

x
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Plate

TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

40. 1906, Dec. 18, 6b 40 G. M. T. Measured by L. on T. Distance from Limb 4.1 mm. Quality, good.

O 265.9
o-n 191.5
P -8.8
D -i.S

Diameter 175.6 mm
Factor 1.049

P-P

59-9

74-9

89.9

59-9

74-9

89.9

30.1

O.I
i-S

1.4

sec>;

1.000
I.OOO

1.000
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 41. 1906, Dec. 18, 6h so"" G. M. T. Measured by L. on T. Distance from Limb 4.1 mm. Quality, good.

O 265.9
O-S2 191.5
P -8.8
D -1.5

Diameter 175.6 mm
Factor 1.049

P-P

59-9

74-9

89.9

59-9

74-9

89.9

t>

30.1

15.1
O.I 1.4

secy

I.OOO

I.OOO

I.OOO
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1906-1907 Continued.

Plate 1046. 1906, Dec. 18, ioh 30 G. M. T. Measured by L. on T. Distance from Limb 4.1 mm. Quality, good.

O 266.1

O-O 191.7
P -8.8
D -1.5

Diameter 175.0 mm
Factor 1.047

P-P

30.6

45-6

30.6

45-6

59-4

44.4

2.9
2.1

seen

I.OOI

I.OOI
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 47. 1906, Dec. 18, lo11

50 G. M. T. Measured by L. on T. Distance from Limb 3.9 mm. Quality, good.

O 266.1

o-n 191.7
P -8.8
D -1.5

Diameter 175.0 mm
Factor 1.047

p P TT <t> ij seci?

30.6 30.6 59.4 2.9 i.ooi

38.1 38.1 51.9 2.4 i.ooi

45.6 45.6 44.4 2.1 I.OOI

54.6 54.6 35.4 1.8 i.ooo
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Plate

TABLE 4. RESULTS FOB INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

50. 1907, Feb. 3, $
h

40"" G. M. T. Measured by L. on T. Distance from Limb 3.5 mm. Quality, good.

O
0-0
P
D

313.8

239-4

13.0

-6.3
Diameter 174.1 mm
Factor 1.042

p-p
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 56. 1907, Feb. 15, 6h s
m G. M. T. Measured by L. on T. Distance from Limb 3.4 mm. Quality, good.
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1906-1907 Continued.

Plate 01 60. 1907, Feb. 28, 7
h
is
m G. M. T. Measured by L. on T. Distance from Limb 3.0 mm. Quality, good.

P-P sect;

0-0
f
D

339-1

264.7

21.4

-7-2
Diameter 173.2 mm
Factor 1.036

38.9
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 61. 1907, Feb. 28, 7
h
4O
m G. M. T. Measured by L. on T. Distance from Limb 3.1 mm. Quality, good.

P-P sec 17

o
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1906-1907 Continued.

Plate to 62. 1907, Feb. 28, g
h

15 G. M. T. Measured by L. on T. Distance from Limb 3.1 mm. Quality, good.

seci)

O 339-1
o-n 264.7
p 21.4
D -7.2

Diameter 173.2 mm
Factor 1.037

51. 5
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 -Continued.

Plate w 63. 1907, Feb. 28, 9
h
45" G. M. T. Measured by L. on T. Distance from Limb 3.1 mm. Quality, good.

t-P secy

Q 339.1
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate o> 55. 1907, Feb. 15, s
h
40'" G. M. T. Measured by L. on T. Distance from Limb 3.4 mm. Quality, good.

p P T
(j> i) seci;

45

G 325.9
O-fi 251.5
P 17.5

Si-4

67.4

82.4

Si-7

67.6

82.5

38.3

22.4

7-5

8.8

7-4

6.9

I.OI2

1.008

1.007

D -6.9
Diameter 174.0 mm
Factor 1.041

X
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate u> 81. 1907, April 22, 8h 2om G. M. T. <t>
= 79!$, measured by A. on T. <t>

= 67^2 and 72$ measured by L. on T. Distance
from Limb i.i mm. Quality, good.

P-P sec i?

3I.S
G-0 317.1
P 25.7
D -4.9

Diameter 169.3 mm
Factor 1.013

9.3 10.5 79.5 28.1 1.134
16.8 17.5 72.5 16.6 1.044

22.3 22.8 67.2 12.8 1.026

X



RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907. 47

TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OP 1906-1907 Continued.

Plate a 83. 1907, May 10, ioh 15"" G. M. T. Measured by A. on G. Distance from Limb i.i mm. Quality, good.

49.!
0-n -25.3
P 22.4
D -3.0

Diameter 168.2 mm
Factor 1.013

io-4 io.8 79- 2 IO-7

15.4 15.6 74.4 11.6

26.4 26.5 63.5 6.9

seer;

1.044
1.02 1

1.007
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 85. 1907, May 30, I2h s
m G. M. T. Measured by A. on T. Distance from Limb i.o mm. Quality, good.

P-P secy

o
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 85 Continued. 1907, May 30, 12" 5 G. M. T. Measured by L. on T. Distance from Limb i.o mm. Quality, good.

p P ir
<t> n secy

2.8O 68.4
O-O -6.0
P 16.3

15.2
26.2

15-2
26.2

74.8

63.8

I.OOI

I.OOO

D -0.7
Diameter 167.9 mm
Factor 1.012

\
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 86. 1907, May 31, 4
h

$$
m G. M. T. Measured by A. on G. Distance from Limb 1.3 mm. Quality, Good.

t>-P seci

o
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Plate

TABLE 4. RESULTS TOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

87. 1907, June 22, n h iom G. M. T. Measured by L. on T. Distance from Limb 0.6 mm. Quality, good.

p-f secy

Q
o-a
p
D

90.4
16.0

6.8

2.0

Diameter 167.0 mm
Factor i .007

30-9
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate w 88. 1907, June 22, n h 40 G. M. T. Measured by L. on T. Distance from Limb 0.6 mm. Quality, good.

P-P secy

O
Q-a
p
D

90.4
16.0

6.8

2.0

Diameter 167.0 mm
Factor 1.007

30-9
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Plate w !

TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

1907, June 22, I2 h 15 G. M. T. Measured by L. on T. Distance from Limb 0.6 mm. Quality, good.

p-P sec*)
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TABLE 4. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1906-1907 Continued.

Plate <> 90. 1907, June 23, s
h zom G. M. T. Measured by L. on T. Distance from Limb 1.2 mm. Quality, good.

P-P scci)

o
o-n
p
D

91.1

16.7

6.4
2.1

Diameter 168.1 mm
Factor 1.014

25-5
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In order to arrange the results of Table 4 in a convenient form for effective discussion I have col-

lected the values in three ways : (i) mean results for each plate from all lines
; (2) mean results for each

latitude from all lines
; (3) mean results for each line from all plates. These summaries are found in

Tables 5, 6, and 7. The values of v + v
l
and in Table 5 are the means for the separate values given

in Table 4. Table 6 is a rearrangement of Table 5 and indicates the combination of points of latitude

used in the derivation of normal positions. Table 7 is found directly from the values of the individual

lines and forms the basis for a discussion of the behavior of the various lines employed.

TABLE 5. MEAN RESULTS FOR EACH PLATE FROM ALL LINES. OBSERVATIONS OF 1906-1907.

PLATE
No.
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TABLE 5. MEAN RESULTS FOR EACH PLATE FROM ALL LINES. OBSERVATIONS OF 1906-1907 Continued.

PLATE
No.
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TABLE 6. MEAN RESULTS FOR EACH LATITUDE FROM ALL LINES. OBSERVATIONS OF 1906-1907.

PLATE
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TABLE 7. MEAN RESULTS FOR EACH LINE FROM ALL PLATES. OBSERVATIONS OF 1906-1907.
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Since a satisfactory discussion of the preceding results involves a comparison with the values obtained

during 1908, and the addition of the summaries for the latter at this point would necessarily involve a large

amount of repetition and duplication of tables, it has seemed to me preferable to undertake next the

detailed consideration of the 1908 observations. When these have been brought to the point at which we
now leave the 1906-1907 observations, we shall be able to take up the discussion of the two simultaneously
and carry them on to advantage in parallel columns. Accordingly, we now pass to a consideration of the

later results.

6. OBSERVATIONS or 1908.

It was not intended at the conclusion of the series of observations made with the Snow telescope during

1906-1907 to undertake an extended continuation of the work for a considerable time. Two circumstances,

however, led to a modification of this plan. The first was the completion of the tower telescope and the

knowledge we came to have of the decidedly superior advantages possessed by it over the Snow telescope,

both as regards astigmatism and changes of focus of the image, and the power and efficiency of the

spectroscopic equipment used in connection with it. The second was the discovery of the remarkable dif-

ferences in the period and law of rotation of the sun which are indicated when we compare results given by
the hydrogen lines with those derived from the ordinary lines of the general reversing layer (15). This

discovery naturally made it desirable to study certain special lines in the spectrum, and at the same time

to continue the study of the rotation period for the reversing layer to act as a check on the other results

found. Moreover, such a determination, when compared with the earlier one of 1906-1907, would be of.

great value in its bearing on the question first raised by Halm, of a variation in the sun's period of rota-

tion. Accordingly, in February, 1908, a new series of observations was begun with the tower telescope.

The essential features of the tower telescope are a coelostat with a mirror 17 inches (43.2 cm) in diameter,
mounted on a track running north and south, and an elliptical second mirror 22.25 x I2 -75 inches (56.5 x

32.4 cm) in size, used in connection with it, which sends the beam of light received from the ccelostat upon
a i2-inch (30.5 cm) visual objective immediately beneath it. This objective forms the image of the sun

on the slit of the spectrograph 60 feet (18.3 m) below, at a distance of 5 feet (1.5 m) above the level of the

ground. Two tracks are provided for the ccelostat on the summit of the tower, the instrument being used

on the west side for observations during the morning hours, and transferred to the east track in the after-

noon. Its position north and south on its track is, of course, defined by the declination of the sun. Two
slow motions are provided for controlling the position of the image, the first by means of an electric motor

which rotates the ccelostat mirror slowly, and the second by a handle which turns the second plane mirror

about a vertical axis. The objective can be focused by the observer from near the end of the spectro-

graph, by means of a steel tape and hand-wheel, which moves the objective in a vertical direction.

Probably the most distinctive feature of this instrument is the great thickness of the two mirrors

employed. This is the same for both mirrors and amounts to 12 inches (30.5 cm), the object being to

provide great resistance to flexure when the surfaces are heated by exposure to sunlight. Additional

advantages tending to improve the character of the sun's image, which the tower telescope possesses, are

the direction of the beam, which is vertical instead of horizontal, and the fact that the path of the beam,
due to the formation of the image by a lens, is single instead of double, as would be the case with a concave

mirror. A fourth advantage, which is probably of great importance, is that the light falls upon the surface

of the ccelostat mirror at an elevation of over 60 feet above the surface of the ground, and so is free from

many disturbing effects suffered by light which passes close to the surface of the ground. As a result

of these various points of advantage, the character of the image is on the average considerably superior

to that formed by the Snow telescope, and the effect of astigmatism and changes of focus is much less

marked. As a rule the effect of prolonged exposure to sunlight, at least during the morning hours, is shown

by a gradual shortening of the focal length indicating a tendency on the part of the mirrors to become

slightly concave (16). This continues to some extent even when the mirrors are covered, and it is probably
due to the fact that the edges of the glass become heated from contact with the warm air and expand more
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rapidly than the interior of the glass, to which the heat is conducted comparatively slowly. The whole

effect is very gradual, however, and hardly appreciable during exposures of half an hour.

The spectrograph employed with the tower telescope is of 30 feet (9.1 m) focal length, and stands in a

vertical position in an underground chamber, the walls of which are lined with concrete. The spectrograph

is of the auto-collimating type and consists of a skeleton steel tube, at the lower end of which is a heavy

casting which carries the lens and the grating mounting. The casting terminates in a rounded head which

fits into a cup-shaped support in another casting attached to a small pier on the floor of the pit, and this

bearing carries practically the entire weight of the spectrograph. The top of the instrument consists of a

large round plate carrying the slit and plate-holder supports. Along the outer edge of this plate there is a

circle 30 inches (0.76 m) in diameter, graduated to degrees, and capable of being estimated to within one-

tenth of that amount. The entire spectrograph, including this plate, can be rotated about a vertical axis

by means of a rack and pinion. In order to define the upper end of the instrument, there is a large sta-

tionary ring in which the plate forming the top of the spectrograph fits closely. This carries an index for

reading the circle and also serves to support some of the slow-motion handles. The lens and the grating

are adjusted by handles near the slit, and the focus of the former is read by a small telescope.

The diagonal-prism arrangement used to bring the images of the opposite edges of the sun upon the

slit is considerably more simple than that used in the observations of 1906-1907. This is due to the fact

that since the spectrograph rotates as a whole, the attachment itself requires no provision for motion in

position angle, but can be clamped directly to the top of the spectrograph. It consists of a small iron

casting about 8 inches (20.3 cm) high which is fastened to the spectrograph plate by two taper pins The

lower surface of the casting is a few millimeters above the plane of the slit, and to it are attached four small

diagonal prisms, two immediately above the slit, and two, at a distance from each other of approximately
the sun's diameter, beneath small openings in the casting. The distance between the first pair can be varied

to allow for variations in the size of the sun's image, and the light from them is received by the second pair

of prisms and reflected upon the slit. Each prism is mounted independently and provided with adjusting

screws. The sun's image is centered by means of circles ruled on an aluminium plate fastened to the top

of the casting and concentric with the center of the slit. The faces of the prisms can be cleaned without

removing them from their mountings.

With this form of mounting it is evident that the danger of changes in the illumination of the grating

surface is much less than in cases where the diagonal prisms themselves are movable. I have, however,

been careful to maintain the precautions used in the earlier series and have tested the character of the illumi-

nation frequently, always before and after the series of exposures, and usually before some of the inter-

mediate exposures. The margin of safety for full illumination of the grating surface is approximately the

same for this instrument as for the spectrograph used with the Snow telescope. The ratio of aperture

to^focal length for the tower telescope is i : 60. The grating employed with the spectrograph, which is the

same as that used in the earlier series of observations, has a ruled surface 3.25 inches (8.3 cm) long. In the

third order the projection of this surface would be less than 3 inches, to fill which would require a ratio of

i : 120. The factor of safety in this case, accordingly, is about 2.

Since the grating used in this series of observations is the same as that of the earlier series, it has been

possible to make a direct comparison of the plates as regards quality and definition. For these photo-

graphs the third order has been employed, as against the fourth order previously. With a focal length of

spectrograph five-thirds as great, however, there is a gain in linear scale approximately in the ratio of 5 : 4.

More exactly, the linear scale of the 1908 plates in the violet is i mm = 0.56 Angstrom, while for the 1906
-

1907 observations it is i mm = 0.71 Angstrom. In spite of this increase in linear scale the lines are decid-

edly superior on the later plates, a result which is to be attributed in part, no doubt, to the fact that the

definition in the third order of this grating is considerably superior to that in the fourth, but probably still

more to the excellent conditions of temperature under which the grating is working at the bottom of the

deep underground chamber. Experiments have shown that the total variation at the bottom of this pit
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corresponding to a daily range inside the spectroscope house of about 15 C. can hardly exceed o?o6 C.

It is scarcely possible that the grating can have worked under conditions approaching this in excellence

when in the horizontal spectrograph in the Snow telescope house. The effect of small variations of tempera-

ture in the grating during an exposure will eventually be to widen the lines slightly without, in the case of

differential determinations of this sort, introducing errors into the displacements, since both spectra are

affected alike. The accidental errors of measurement will, however, be somewhat greater for the wider

lines, and this is no doubt partly accountable for the gain in the internal agreement of the measures on the

later plates.

The procedure followed in taking the plates differs little from that used in the earlier series, and so does

not require very extended consideration. The fact that the spectrograph itself is rotated to obtain the

position-angle settings for the various latitudes desired has made it possible to secure on all of the plates

a position corresponding to the projection of the sun's pole on its visible edge, and this has been used as a

most important check on the results for the successive exposures. It constitutes a very marked advantage

which the later plates possess over those of the earlier series. The reference line for the observations is

obtained by securing the transits of the sun's image across the 3o-inch position circle on the top of the spec-

trograph, the instrument, of course, being brought to the zero position before the exposures are begun.

Transits of both edges are taken and the mean value used for the sun's center. Three or four separate

observations are usually made for these determinations and the mean taken. As in the observations with

the Snow telescope, experiments have shown no appreciable difference in the results obtained when the

ccelostat mirror is rotated, or when the clock is stopped and the image allowed to drift across the circle.

With a knowledge of the east-and-west line obtained in this way the position of the sun's pole is readily

found by reference to a solar ephemeris, and the settings of the position circle corresponding to the latitudes

desired are then readily made. In general, about the same heliographic latitudes have been observed

during the present series as in the series of 1906-1907. The points at o, 15, 30, 45, 60, and 75 are in

fact almost exactly comparable. At intermediate points somewhat different latitudes have been employed,

but the normal positions are sufficiently close to each other to make accurate comparisons simple.

TABLE 8. LINES OBSERVED IN 1908.
**

X
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A few modifications have been made in the list of lines used in the earlier investigation, with a view

to the inclusion of certain lines of especial interest and the omission of some lines in the previous list which

have no particular significance. The revised list consists of the 22 lines given in Table 8.

Of the new lines in the list, \ 4207.566 is included because of its identification in Rowland's table as

carbon (more accurately cyanogen). The appearance of the line under high dispersion, however, indicates

that it is almost certainly of compound origin, and a similar conclusion is warranted by the size of its

displacement at the sun's limb. The line X 4233.328 is of great interest becauseof being a very strong spark,

or enhanced, line of iron and very prominent in the spectrum of the chromosphere. Two lines of calcium

are added to the list for comparison with the so-called "blue line" at X 4227, as well as with other lines

in the less refrangible part of the spectrum investigated by M. Perot by interference methods (17).

Further reference will be made to these results in the course of the discussion.

7. RECORD OF OBSERVATIONS, 1908.

The details of the observations given in Table 9 are taken from the observing journal and cover the

33 plates used in this investigation. The table is essentially the same as that given for the plates of 1906-

1907, the principal difference being that in the present series I have measured the diameter of the image and

the distance of the slit inside the sun's limb directly, instead of computing them as in the previous case.

The columns giving these values are found in the table immediately preceding the column containing the

observations for zero. The use of a lens instead of a concave mirror, as in the case of the Snow telescope,

has of course involved a correction in focusing the image on the slit of the spectrograph. This is readily

found from the shape of the color curve for the lens, and it has been my practice before beginning the ob-

servations to focus the image on the slit and then displace the lens by an amount corresponding to this

difference for the region under investigation. The other columns in the table are self-explanatory.

TABLE 9. RECORD OF OBSERVATIONS, 1908.

DATE.



RECORD OF OBSERVATIONS, 1908.

TABLE 9. RECORD OF OBSERVATIONS, 1908 Continued.

DATE.
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TABLE 9. RECORD OF OBSERVATIONS, 1908 Continued.

DATE.



RECORD OF OBSERVATIONS, 1908.

TABLE 9. RECORD or OBSERVATIONS, 1908 Continued.

DATE.
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The plates used in this investigation have been measured on the same instruments as those of the earlier

series, and accordingly the previous discussion of the screw errors of these comparators is directly appli-

cable in the present work. The process of measurement has also been identical in the two cases as well as

the combination of the individual determinations to form the final means. In the present series the inclina-

tion of the micrometer wire in the measuring comparator, determined by means of a plate taken with a

long slit, is controlled by the exposure secured on the pole of the sun. The conversion of the measured

displacements into linear velocity is made by means of Table 10, which is very similar to that given for the

earlier observations, and differs from it only because of the difference in the linear scale of the plates. The

quantities correspond to the displacements measured with the Toepfer comparator in units of the half-

millimeter.
TABLE 10. CONVERSION OF DISPLACEMENTS INTO VELOCITIES. OBSERVATIONS OF 1908.

X
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TABLE ii. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908.

Plate u 103. 1908, Feb. 16, nh iom G. M. T. Measured by L. on T. Distance from Limb 0.5 mm. Quality, good.

p P 7T 7) S6CJ)
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w ios r 1908, March 10, 7
h om G. M. T. Measured by A. on G. Distance from Limb 1.8 mm Quality, good.

P-f secy

Q
O-Si
P
D

349-8

275-3

23-9

-7.2
Diameter 171.6 mm
Factor 1.021

0.3
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 105.,. 1908, March 10, 7
h

o'
n G. M. T. Measured by A. on G. and L. on T.

; upper half of table by A., lower by L.
Distance from Limb 1.8 mm. Quality, good.

P-P seer/

349.8
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate 105, Continued. Measured by L. on T.
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate <a 106 Continued. Measured by L. On T.

\



72 AN INVESTIGATION OF THE ROTATION PERIOD OF THE SUN BY SPECTROSCOPIC METHODS.

TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 113. 1908, April 8, 7
h
45 G. M. T. Measured by A. on G. Distance from Limb 1.4 mm. Quality, good.

t-P seci)

O 1 8.6

O-D 304.1

I
P 26.5
D -6.0

Diameter 170.7 mm
Factor 1.017

0.0
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TABLE n. RESULTS TOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

Plate w 113 Continued. Measured by L. on T.
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate a ii7 r 1908, May 26, I2h om G. M. T. Measured by L. on T. Distance from Limb 1.6 mm. Quality, good.
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 117.,. 1908, May 26, I2h onl G. M. T. Measured by L. on T. Distance from Limb 1.6 mm. Quality, good.

P-P

O
o-n
p
D

6S-3

350-8

17.4
i.i

Diameter 168.7 torn

Factor 1.019

0.6
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w
I20j. 1908, June 2, 3

h iom G. M. T. Measured by L. on T. Distance from Limb 1.2 mm. Quality, good.

p P T T]

Q 71-7



RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908. 77

TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate a 120.,. 1908, June 2, 3
h iom G. M. T. Measured by L. on T. Distance from Limb 1.2 mm. Quality, good.

p P TT
<t> 1)
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TABLE u. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w I28 r 1908, June 9, I2h 50 G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

p-f

Q
Q-a
p
D

78.7

4-2
12. 1

0.6

Diameter 166.0 mm
Factor 1.018

0.5
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 132. 1908, June 10, 8h 15 G .M. T. Measured by L. on T. Distance from Limb, 1.4 mm. Quality, good.

sec')
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n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

[Plate w 134. 1908, June u, 3
h om G. M. T. Measured by L. on T. Distance from Limb 2.5 mm. Quality, good.

P-P secy

O
o-n
p
D

80.2

5-7

11.4
0.8

Diameter 168.0 mm
Factor 1.031

o-5
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TABLE u. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w
135,. 1908, June n, 4

h
5o
m G. M. T. Measured by L. on T. Distance from Limb 2.1 mm. Quality, good.

p P *
<t> i seci
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

Plate w 135.,. 1908, June ii, 4
h
50 G. M. T. Measured by L. on T. Distance from Limb 1.8 mm. Quality, good.

p P T-
<t> i] secy
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Plate

TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

136. 1908, June n, s
h
4o
m G. M. T. Measured by L. on T. Distance from Limb 1.8 mm. Quality, good.

P-P seci;
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

Plate w 146. 1908, Aug. 5, 9
h

50"" G. M. T. Measured by L. on T. Distance from Limb 1.3 mm. Quality, good.

P-P seer)
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate < 147. 1908, Aug. 5, ioh 30 G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

P-f seci
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Plate

TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

148. 1908, Aug. 5, ioh 30 G. M. T. Measured by L. on T. Distance from Limb 1.4 mm. Quality, good.

v p P "" *7
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 151. 1908, Aug. 6, s
h

15 G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

P-P 'I' secij
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

Plate w 161. 1908, Aug. 26, n h om G. M. T. Measured by L. on T. Distance from Limb i.i mm. Quality, good.

P-P secy
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 162. 1908, Aug. 26, ii 1 ' om G. M. T. Measured by L. on T. Distance from Limb i.i mm. Quality, good.

P-P seer]
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 163. 1908, Aug. 26, n h
55
m G. M. T. Measured by L. on T. Distance from Limb i.i mm. Quality, good.

p-P sec i)
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 164. 1908, Aug. 26, n h
55
m G. M. T. Measured by L. on T. Distance from Limb i.i mm. Quality, good.

P-P scc>7
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TABLE u. RESULTS FOE INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 165. 1908, Aug. 27, 6h 45 G. M. T. Measured by L. on T. Distance from Limb 1.6 mm. Quality, good.

P-P sec';
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 166. 1908, Aug. 27, 6h 45
m G. M. T. Measured by L. on T. Distance from Limb 1.6 mm. Quality, good.

p-P sec i?
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TABLE n. RESULTS TOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 -Continued.

Plates o> 179 and a 180. 1908, Sept. 30, n h
40 G. M. T. ^Measured by L. on T. Distance from Limb i.o mm. Quality, good.

p P -w
<t> T} secy

29.2 29.9 60.1 13.5 1.028O 187.4
o-n 112.9
p -26.2

D 6.7
Diameter 170.6 mm
Factor 1.012

X
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TABLE it. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 183. 1908, Oct. 9, n h om G. M. T. Measured by L. on T. Distance from Limb i.o mm. Quality, good.

P-F secv



96 AN INVESTIGATION OF THE ROTATION PERIOD OF THE SUN BY SPECTROSCOPIC METHODS.

TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 -Continued.

Plate w 184. 1908, Oct. 22, 6h 30'" G. M. T. Measured by L. on T. Distance from Limb 1.3 mm. Quality, good.

P-f sec*?
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS or 1908 Continued.

Plate w 185. 1908, Oct. 22, 6h 3o
m G. M. T. Measured by L. on T. Distance from Limb 1.3 mm. Quality, good.

O 209.0
0-0 I34-S
P -25-9
D 5.1

Diameter 171.2 mm
Factor 1.015

p-P

o.o

24.0

39-7
86.0

24-5

40.0
86.0

65.5

50.0

4.0

12.5
8.1

5-2

sec*)

1.024
I.OIO

1.004
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TABLE n. RESULTS FOR INDIVIDUAL PLATES. OBSERVATIONS OF 1908 Continued.

Plate w 186. 1908, Oct. 22, 7'' 45
m G. M. T. Measured by L. on T. Distance from Limb i.o mm. Quality, good.

C 209.0
0-n 134-5

,
P -25-9
D 5.1

Diameter 171.2 mm
Factor 1.012

p-P

o.o

24.0

39-7
86.0

24-5

40.0
86.0

65.5

50.0

4.0

12.5
8.1

5-2

secy

1.024
I.OIO

1.004
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The results for the individual plates are summarized in Tables 12, 13, and 14, which are identical in

form with Tables 5, 6, and 7 for the 1906-1907 observations.

TABLE 12. MEAN RESULTS FOR EACH PLATE FROM ALL LINES. OBSERVATIONS OF 1908.

PLATE
No.
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TABLE 12. MEAN RESULTS FOR EACH PLATE FROM ALL LINES. OBSERVATIONS OF 1908 Continued.

PLATE
No.



MEAN RESULTS FOR EACH LATITUDE FROM ALL LINES. OBSERVATIONS OF 1908.

TABLE 13. MEAN RESULTS FOR EACH LATITUDE FROM ALL LINES. OBSERVATIONS OF 1908.

IOI

PLATE
No.
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TABLE 14. MEAN RESULTS FOR EACH LINE FROM ALL PLATES. OBSERVATIONS OF 1908.





ADAMS PLATE 2
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9. SPECIAL OBSERVATIONS ON THE a LINE OF HYDROGEN.

As will be seen when we reach the discussion of the results for the individual lines of the reversing layer

on page lOQof this investigation, the observations of 1906-1907 and of 1908 agree in indicating that different

lines give different velocities of rotation. Since this result clearly is connected with the level at which the

lines originate in the sun's atmosphere, an investigation of the lines of the elements which show great dif-

ferences of level becomes of much interest. The two elements which appear to rise to the greatest height

above the solar photosphere, as indicated by observations of the chromospheric spectrum, are calcium and

hydrogen. Unfortunately, accurate measures of the H and K lines of calcium at the sun's limb are very

difficult, on account of the great variation in their width and appearance and the presence of bright

reversals. Exclusive of these lines, the blue line of calcium at A. 4227, which represents a considerably lower

level than H and K, remains. Among the hydrogen lines, H8 and Hf3 are practically ruled out on account

of the presence of foreign lines, and Hy is rendered unsymmetrical by the same cause. Accordingly, in the

selection of lines for measurement only Ha was left. The investigation of this line became of interest for

several other reasons. Photographs of the spectra of the center and limb of the sun indicated that Ha
was greatly widened at the limb, while the other hydrogen lines, with the possible exception of H@, were

either unchanged or slightly narrowed. The line also showed no such displacement toward the red at the

sun's limb as was found for essentially all of the lines in the solar spectrum. Moreover, plates taken with

the spectroheliograph with the a line showed structure differing in many respects from that obtained

through the other hydrogen lines. All of these results are in harmony with the chromospheric observations

in indicating a very high level for the hydrogen gas which produces Ha in the sun's atmosphere.

The measurement of the center and limb plates soon showed that the Ha line would give abnormally

high rotational velocities, and the first photographs taken with the regular rotation apparatus confirmed

this result. A few preliminary results of this investigation were published early in 1908 (15), but a much

more extensive series of plates was obtained during the spring of that year. The use of fine-grained plates

sensitized to the red by the use of Wallace's formula proved of the greatest value in the investigation, since

the edges of the line are so hazy as to make the superior defining power of these plates, and their excellent

contrast, of much assistance in the measurement. All of the results given were obtained from plates of this

character.

It is of course hardly necessary to state that the degree of accuracy attained in the measurement of

Ha is of quite another order from that for the narrow lines of the reversing layer. The width of Ha at the

sun's limb is about 1.15 Angstroms, as against 0.15 Angstrom for the lines employed in the reversing layer.

Moreover, all of the plates used for measurement were taken in the spectrum of the second order, thus giv-

ing a linear scale only two-thirds that used for the reversing layer. It seems probable that the accidental

errors of setting must be several times as great for Ha as for the sharper and narrower lines.

I have already referred to the marked widening and change in appearance of Ha at the sun's limb.

The study of plates taken inside the limb soon showed that the greater part of this effect must take place

within a comparatively narrow range, some 3 or 4 mm, on a solar radius of about 84 mm. This is what we

should expect in case the change in the appearance of Ha is due to the great increase in the length in path

of the light at the sun's edge, since the length of this path decreases very rapidly with increasing distance

inward from the limb. Accordingly, two series of observations have been made, the first as close to the

limb as the slit could be set without danger from the introduction of chromospheric light, and the second at

an average distance of about 3 mm inside the limb. The details of these observations and the summaries

of the results are given in Tables 15-18. The tables are similar in arrangement to those containing the

data for the reversing layer. A comparison with the values for the normal places derived from the two

series of observations on the reversing layer is given in Table 35.
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TABLE 15. OBSERVATIONS ON THE a LINE OF HYDROGEN AT THE LIMB.

PLATE
No.



OBSERVATIONS ON THE a LINE OF HYDROGEN AT THE LIMB.

TABLE 16. OBSERVATIONS ON THE a LINE OF HYDROGEN AT THE LIMB. RESULTS FOR EACH LATITUDE.
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TABLE 17. OBSERVATIONS ON THE a LINE OF HYDROGEN WITHIN THE LIMB.

PLATE
No.
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10. SPECIAL OBSERVATIONS ON X 4227 OF CALCIUM.

The line X 4227 of calcium appears upon all of the plates taken for the investigation of the rotation of

the sun with the lines of the reversing layer. The quality of these negatives, however, is not well adapted
for the study of this line, which is very diffuse and has broad wings extending on either side. Accordingly,

I have taken a separate series of plates in which the density is made sufficiently great to reduce these wings

considerably and thus define the central portion of the line to somewhat better advantage. In spite of

this fact its measurement is difficult, and it is doubtful whether the degree of accuracy attained is any

higher than in the case of Ha.

In Tables 19 and 20 are found the details of the observations and a summary of the results. The values

for the normal places are collected and compared with those for the reversing layer in Table 36.

TABLE 19. OBSERVATIONS ON \ 4227 or CALCIUM.

PLATE
No.
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TABLE 20. OBSERVATIONS ON x 4227 OF CALCIUM. RESULTS FOR EACH LATITUDE.



DISCUSSION OF THE RESULTS.

ii. SYSTEMATIC DEVIATIONS OF VELOCITY or ROTATION DERIVED FROM VARIOUS LINES

OF THE REVERSING LAYER.

ONE of the most important questions connected with the results of this investigation is whether the

lines of different elements give values which differ from one another in any systematic way, indicating a

longer or shorter period of rotation for the various elements in the sun's atmosphere. The behavior of

the individual lines in this regard will be shown best if we form the difference in the value of the angular

velocity of for each line from that of the mean of all the lines. Any systematic effect will show itself

at once by the marked preponderance of the positive or the negative sign in the residuals. The results of

such a comparison are given for the two series of observations in Tables 21 and 22. In forming these differ-

ences I have rounded off the results to one place of decimals, although the reduction tables have been

carried to two places. This has seemed desirable in order to facilitate rapid comparison of the results.

In the formation of the mean deviations for several latitudes, however, the second place has been retained.

An examination of these tables leads to several important conclusions. The most striking of these are,

on the one hand, the systematically low values given by the lanthanum line at X 4196.699, the cyanogen

lines A. 4197.257 and X 4216.136, and the enhanced line of titanium at X 4290.377 ; and, on the other hand,

the high values given by X 4257.815 and possibly one or two other lines in the list. The evidence for con-

cluding that lanthanum and cyanogen occupy a relatively low level in the sun's atmosphere has already

been referred to in connection with the discussion of the selection of the lines chosen for measurement.

In the case of lanthanum reference should be made to an additional point of evidence, namely, that its

lines, like those of other elements of very high atonu'c weight, are much weakened at the sun's limb. The

fact, accordingly, that the lines of cyanogen and lanthanum give consistently low values for the angular

velocity of rotation indicates that the sun's period of rotation increases as we approach its surface, or that

the outer layers of the solar atmosphere move more rapidly than those lying close to the photosphere.

This is in agreement with the results found for hydrogen and other substances which rise to a great height

above the solar surface, and to which extended reference will be made later.

TABLE 21. DEVIATIONS OF ANGULAR VELOCITY FOR INDIVIDUAL LINES FROM MEAN VALUE. OBSERVATIONS OF 1906-1907.

\
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TABLE 22. DEVIATIONS OF ANGULAR VELOCITY FOR INDIVIDUAL LINES FROM MEAN VALUE. OBSERVATIONS OF 1908.

X



DEVIATIONS IN HIGHER LATITUDES. Ill

as a chromospheric line in some lists, but is of comparatively slight intensity. The three lines in the list

which are most strengthened at the sun's limb, X 4232.887, X 4258.477, and A. 4291.630, all give values close

to the mean, with a very slight tendency toward positive residuals. Reference should also be made to the

line at X 4207.566. This is assigned in Rowland's table to iron, but in the list of corrections is transferred

to carbon. Its appearance is strongly indicative of a compound origin, as it is much wider than other lines

of the same intensity in its vicinity. At the limb of the sun it shows a considerable displacement so

much larger, in fact, than other neighboring cyanogen lines as to make its composite character almost

certain. Accordingly, the evidence afforded by this line can not be considered as contradictory to that of

the other cyanogen lines in the list.

12. INCREASE OF DEVIATIONS IN HIGHER LATITUDES.

Another possible conclusion of great importance is afforded by an inspection of these tables, but it

should be accepted with considerable caution. This is the apparent increase in the amount of the devia-

tions for such lines as show systematically large or small values of the angular velocity toward the sun's

pole. Thus the average deviation from the mean for the two cyanogen lines X 4197.257 and X 4216.136

between latitudes 60 and 80 is o3 as against o?i between latitudes o and 20. Similarly the lan-

thanum line X 4196.699 gives o?3 against o?i, while the manganese line X 4257.815 gives +o?3 against

+o?i. The 1908 observations give considerably smaller values for these differences than do the earlier

results, but the effect is still well marked, the values in the higher latitudes amounting to more than twice

those near the equator. It is of course true that a very small difference in linear velocity in the higher

latitudes corresponds to a large difference in angular velocity, and so a wider range is to be expected

among the values for the individual lines. For example, at the equator a change in the linear velocity of

o.oi km corresponds to 0.07 in the angular velocity, while at 80 of latitude it corresponds to 0.41. If due

to this cause, however, we should expect the values of the differences in the higher latitudes to be both larger

and smaller than those near the equator and not to exhibit this systematic increase. In spite of this effect,

the evidence might be considered rather doubtful if it were not for the strong support afforded by the

behavior of two lines of elements which rise to a great height in the sun's atmosphere. These are the a line

of hydrogen and X 4227 of calcium. The results for these lines will be considered in detail at a later point

in this discussion, though the evidence furnished by them regarding changes of rotation rate in the higher

latitudes properly belongs here. In the brief accompanying table are given the differences for such lines

as show systematically large or small values of the angular velocity from a mean obtained from all the lines

in the reversing-layer list.

X
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13. MEAN RESULTS FOR THE REVERSING LAYER VARIABILITY OF THE SOLAR ROTATION -

COMPARISON OF RESULTS WITH THOSE OF OTHER OBSERVERS.

We may now pass on to an investigation of the general results. While it appears clear from the pre-

ceding considerations that certain lines in the list give values which are systematically high or low, the

number of lines of the two kinds seems to be so nearly equal that no appreciable error from this source will

affect the mean taken from all the lines. If we form means of the results of the two series of observations

for the normal points of latitude indicated in Tables 6 and 13, we obtain the values given in Table 23.

The weights are according to the number of observations. The results are shown graphically in Fig. i
,

the dotted curve corresponding to the 1906-1907 observations and the full-line curve to the 1908 observa-

tions. In each case the agreement of the points with the curve is excellent, the largest deviation falling

at the points of lowest weight.

Km



RESULTS FOR THE REVERSING LAYER.

TABLE 23. MEAN RESULTS FOR THE REVERSING LAYER.

OBSERVATIONS OF 1906-1907.
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ment alone, even though it has been found that such errors are usually greater in high latitudes. At pres-

ent! it does not seem possible to decide whether this lack of agreement is due to a real variation in the sun's

rate of rotation, to the presence of some source of systematic error in the observations, or to the disturbing
effect of proper motions in the sun's reversing layer. I am inclined, however, to ascribe it mainly to small

systematic errors in the earlier series of observations. The principal sources of error to which these were

subject have already been referred to, and there is little doubt that they must have affected the results to some

extent. As several of these difficulties were eliminated, or their effect much reduced, in the later series of

observations, and as the check by means of the exposure on the sun's pole was available in the later

results, it is highly probable that the greater part of the difficulty is to be looked for in the earlier series.

If such is the case, the single most serious cause of error is probably the astigmatism of the sun's image.
The influence of proper motion in the reversing layer may be very appreciable in its effect upon the

values of the solar rotation, and it is possible that this cause may be in part accountable for the discrepan-

cies between the two series of results. As will be shown in another place, proper motions amounting to as

much as 0.2 km have been found in a disturbed region in the neighborhood of spots, and of course it is

highly probable that motions of smaller amount are present frequently. The probability of their occur-

rence in high latitudes, however, would appear to be less than in the zones of chief spot activity.

There seem to be three main arguments against the conclusion that these results indicate an actual

variation in the sun's period of rotation. The first of these is that the variation, if present, seems to be

confined to the higher latitudes. It would certainly appear probable that such an effect would be marked

in the zones of greatest spot activity, between 10 and 30 of latitude, and differences in these zones were

found by Halm (9) in the series of observations from which he concluded the existence of such a variation.

On the other hand, the values given here indicate essentially no difference for the years 1906-1907 and 1908
between o and 40 of latitude. We have seen, however, that all of the spectrum lines which show abnormal

values of the rotational velocity, such as those of cyanogen, lanthanum, calcium, and hydrogen, appear to

give the largest deviations from the normal values in the higher latitudes. Accordingly, the existence of a

variation in the sun's rate of rotation which is confined to high latitudes is perhaps less anomalous than

might at first appear.

A second argument against the occurrence of a variation in the sun's rotation period is the close agree-

ment of the results given here for 1908 with Duner's values obtained from observations extending through

six years, from 1887 to 1889 and from 1899 to 1901. A comparison of the 1906-1907 and 1908 observa-

tions with those of Duner for the six latitudes employed by him gives the results in Table 25, the values

being obtained in all cases from the corresponding empirical formulas.

TABLE 25. COMPARISON OF THE RESULTS WITH THOSE or DUNER.



COEFFICIENTS OF FAYE's FORMULA.

In a discussion, however, advocating the existence of a variation in the sun's rate of rotation, Halm
maintains that Duner's observations themselves furnish evidence of such a variation (9), with a period of

about three years. In comparing the Edinburgh and Upsala results, Halm has made use of Faye's formula

v + z>i
=

(a b sin2
</>) cos <j>

connecting the rotational velocity with the heliographic latitude. In this form, as will be shown later,

the 1908 observations give

v + v
l
=

(2.053
~~ o-546 sin

2
<f>) cos <#>

Table 26 contains the values obtained by Halm for the coefficients a and b, with the Mount Wilson

values added for comparison.

TABLE 26. COEFFICIENTS OF THE FAYE FORMULA.

OBSERVATIONS.
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TABLE 27. REPRESENTATION OF THE 1906-1907 OBSERVATIONS BY EMPIRICAL FORMULAE.
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Table 29 contains the values on which the solution is based, and the residuals (observed computed)
which are given by these two formulae. These residuals are small in amount, and there appears to be no

tendency to systematic effect in sign. This result evidently is due largely to the smoothing-out effect of

the 1908 observations.

TABLE 28. REPRESENTATION OF 1908 OBSERVATIONS

BY FAYE'S FORMULA.

TABLE 29. REPRESENTATION OF MEAN RESULTS FOR

1906-1907 AND 1908 BY FAYE'S FORMULA.

<t>
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A comparison of these values indicates a marked gain in the degree of accuracy of the photographic

results over the visual. It is of course impossible to state how much of this gain is due to the more pow-
erful spectroscopic apparatus and the larger solar image employed, and how much to the use of the

photographic method, but it seems probable that both facts contribute materially to the result.

15. COMPARISON OF RESULTS FOR SUN-SPOTS, FACUL/E, FLOCCULI, REVERSING LAYER,
THE a LINE OF HYDROGEN, AND \4227 OF CALCIUM.

At the conclusion of this discussion of the rotation of the sun as determined from the displacements of

the lines in the reversing layer, it seems desirable to add a comparison with the values obtained by various

observers from sun-spots, faculae, and hydrogen and calcium flocculi. Such a comparison with the reversing

layer results of Duner and Halm has already been made by Hale and Fox in their discussion of the motion

of the calcium flocculi (19), and by Hale in his paper on the motion of the hydrogen flocculi (20). In

view of the additional material now available for the reversing layer, a repetition of these values will not

be out of place. The quantities, which are given in Table 30, are derived from empirical formulas where

these have been obtained
;

in other cases they are taken from curves or found by interpolation from the

original observations. In the case of the work of Carrington, Spoerer, and Maunder on sun-spots, Duner

and Halm on the reversing layer, and Adams on the reversing layer, Ha and X 4227, empirical formula?

are available. In the form employed for calculation they are as follows :

Carrington

Spoerer

Maunder

Duner

Halm
Adams (mean of two series)

= 11.04 + 3-5 cos2
4>

Adams \ 4227 =
12.5 +2.4 cos2 <

Adams Ha =
13.6 + 1.4 cos2

<j>

TABLE 30. COMPARISON OF ROTATION RESULTS FROM VARIOUS SOURCES.

= 14.42
-

2.75 sin?

=
8.55 + 5.80 cos i

=
12.43 + 2 -CI cos2 '

= 10.60 + 4.21 cos2
'

=
12.03 + 2 -S cos2 '

<t>



SUMMARY OF ROTATION RESULTS.

As has already been stated, my own 1908 observations agree closely with Duner's in the higher lati-

tudes, but are smaller and nearer Halm's values in the lower latitudes. In Table 31 I have taken simple

means for the spot and flocculi results and compared them with the values obtained from my two series of

observations on the reversing layer. They are shown graphically in Fig. 2.

TABLE 31. SUMMARY or ROTATION RESULTS FROM VARIOUS SOURCES.
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Attention has already been called by Mr. Hale to the comparatively small values of the angular veloc-

ity given by spots (19). The difference at the equator amounts to o?2 as compared with facuke. flocculi, or

reversing layer, and in view of the close accordance of the spot observations at this latitude the result is

probably to be considered as genuine. Similar differences, as compared with faculae and flocculi, are shown

in higher latitudes by the results of Carrington and Spoerer, but the inclusion of Maunder's larger values

in the mean conceals this effect. There seems to be a tendency for the reversing layer to give slightly larger

values than the flocculi between latitudes o and 20. This may be due, as Mr. Hale has suggested in his

discussion, to the possibility that the faculse and flocculi retain the velocities of the lower levels from

which they rise, but the differences are small and hardly sufficient to warrant a definite conclusion, espe-

cially in view of the considerable discordance among the separate flocculi determinations.

Another most interesting consideration is whether there appears to be any difference in the law of the

equatorial acceleration in the results given by the observations of the various objects on the sun's surface.

This is made especially important by the discovery of the remarkable differences in velocity shown by

spectroscopic observations of the hydrogen lines Ha and X 4227 of calcium, as well as observations of the

hydrogen flocculi with the spectroheliograph. Unfortunately, the results for both facuke and flocculi are

necessarily very uncertain above 30 of latitude. Accordingly, in order to secure as accurate a comparison
as seems possible with the material available, I have reduced the results for faculse, flocculi, Ha, and X 4227,

by a least-squares solution of Faye's formula, and plotted the corresponding results for every 5 of latitude.

The values for the reversing layer are from the formula representing the combined values of the two series

of observations. A difference in the rate of change of angular velocity with the latitude will be indicated

by a lack of parallelism in the resulting curves, and in order to show this more clearly the values have all

been reduced to the common origin of i4?5o. This necessitates the addition of constant quantities to the

sun-spot results and the subtraction of constant quantities from the other results. The comparison is

shown graphically in Fig. 3. One extrapolation has been made for the faculce and the flocculi.

The inspection of these results is of interest in many ways. The spots and the faculae give values which

are practically identical throughout, a result which is to be expected from the close relation of these objects

to the solar photosphere. Intermediate between these and the flocculi is X 4227, which shows notably less

equatorial acceleration. The calcium flocculi show still less, and Ha the least of all, the differences in its

case being very great indeed. Apart from the reversing layer these results are quite in harmony with

the commonly accepted views of the relative heights of the various gases in the sun's atmosphere. The

calcium flocculi, due to the bright reversals of the calcium lines H and K, are usually assumed to lie at a

considerable distance above the sun's photosphere, and probably at a higher level than the material producing

the blue line of calcium X 4227. Similarly, Ha, which rises to a very great height in the solar atmosphere,

gives in addition to very large absolute velocities a greatly reduced amount of equatorial acceleration.

In other words, these results are all satisfied by a law of increase of angular velocity and decrease of equa-

torial acceleration with increasing altitude above the sun's surface.

For the reversing layer the case is very different, however. Here the rate of change of velocity with

latitude is the most rapid of any observed, a result which on the basis of the reasoning given above would

require that the reversing layer lie below the level of sun-spots and faculae. This almost certainly can not

be the case, since the spectrum of faculae, and probably of spots, gives evidence of the presence of the ordi-

nary reversing-layer spectrum. At present there is no adequate explanation for this apparent anomaly,
but a suggestion is furnished by Wilsing's theoretical discussion of the law of the sun's rotation (21), a

memoir the bearing of which on the motion of the strata above the reversing layer has been referred to by
Mr. Hale (23). In the course of this discussion Wilsing arrives at the conclusion that owing to internal

friction a surface is reached in passing toward the center of the sun at which essentially uniform angular

velocity is attained. Similarly, above the solar photosphere another surface of uniform velocity is found,

and between these two surfaces the motion is compared by Wilsing to that of "a stream flowing between
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two fixed banks." On this basis it is evident that there would be a region at which the rate of change
of angular velocity with latitude would be a maximum, and that on either side of this region the change

would become less. Accordingly, if we may assume that the reversing layer corresponds to this region of

most rapid change, we may expect, on the one hand, the spots and faculae, which are nearer one of the sur-

faces of uniform velocity, and, on the other hand, X. 4227, the calcium flocculi, and Ha, whose level is nearer

the other surface, to give less equatorial acceleration, the amount diminishing in the order named. The

whole question is, however, extremely complex, the quantities concerned are small, except in the case of

Ha, and the difficulties involved in the explanation of the differences in the values of the absolute velocities

of rotation are correspondingly great. It will hardly be profitable to continue the discussion further until

additional observational material has placed the reality of these differences upon a more certain basis.

14.6

14.4

14.2

14.0

Ha at limb

Ca Flocculi

X 4-ZZ7

Sun spots
Faculae

Reversing layer

13.8

13.0
0? <t> 5? 15 aO? 25? 30 35! 4-0? 45!

FIG. 3. Curves showing variation of angular velocity with latitude for sun-spots, facute, calcium flocculi, reversing

layer, X 4227, and Ha.. To facilitate comparison the curves are all reduced to the common origin of I4!so.

Differences in the amount of equatorial acceleration are indicated by lack of parallelism in the curves.
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16. A CASE OF LARGE PROPER MOTION IN THE REVERSING LAYER.

Reference was made at an earlier point in this discussion to the disturbing effect of proper motions

in the reversing layer upon determinations of rotational velocity. Such motions have frequently been

observed in the neighborhood of sun-spots, particularly across the faculae bordering the penumbra, but

it appears from the observations described below that they may extend to great distances from spots

as well.

On September 15, 1908, two spots of considerable size were nearing the west limb of the sun. The larger

of the two spots was at 11 north latitude, the other at 6 south latitude. Photographs taken with the

spectroheliograph through the a line of hydrogen had shown both spots to be surrounded by immense

regions of disturbance, with the filaments nearest the spots giving some evidence of vortical motion. Ob-

servations made by Mr. Hale during the passage of the spots across the sun's disk had indicated opposite

directions of polarization for the components of the double lines in the spot spectra, thus pointing to oppo-

site directions of rotation in the two spots, provided vortical motion were involved. The region between

TABLE 32. OBSERVATIONS or PROPER MOTION IN THE REVERSING LAYER.

Plate w 173. 1908, Sept. 15, 6h 5 G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

p-p seci

o
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the spots was in an extremely chaotic state, owing probably to the intermingling of the disturbances cen-

tered about the two spots.

Four plates of the region of the spectrum near X 4227 were taken on this date with the rotation apparatus

at latitudes ranging from o to 75, in steps differing by 15. Accordingly, for one of the settings at o,
a point 6 north of one of the spots fell upon the slit of the instrument

;
for another, at latitude i4?9,apoint

4 north of the other spot. In the first case the point fell considerably east of the spot as welt. All of the

plates were taken in connection with the investigation of the motionof the calcium vapor giving rise to X 4227,

and their density was made greater than usual in order to facilitate settings upon this broad and hazy line.

As soon as the measurement of the plates was begun, it was found that the values at latitudes o and 14.9

were very discordant, when compared with those regularly obtained. Therefore a list of lines suitable

for measurement was selected, since the regular list could not be used on account of the great density of

the negatives, and the plates were investigated separately. The results for these lines are shown in detail

in Table 32. The results for X4227 are given in Table 33.

TABLE 32. OBSERVATIONS OF PROPER MOTION IN THE REVERSING LAYER Continued.

Plate <> 174. 1908, Sept. 15, 6h s
m G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

[Plate constants are the same as for u 173.]
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TABLE 32. OBSERVATIONS or PROPER MOTION IN THE REVERSING LAYER Continued.

Plate 10175. 1908, Sept. 15, 7
h iom G. M. T. Measured by L. on T. Distance from Limb 1.5 mm. Quality, good.

[Plate constants are the same as for w 173.]
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The combination of these results gives the values of v + v
v
shown in Table 33, the normal values in

each case being added for comparison. The latter are from the 1908 observations.

TABLE 33. PROPER MOTION IN THE REVERSING LAYER.
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effect of systematic proper motions in one series over that for the other than any real variation in the sun's

rate of rotation. The year 1903 was characterized by much greater spot activity than were the two pre-

ceding years. Accordingly, it might well happen that if the spots were accompanied by large areas of

disturbance, and the points observed did not chance to be symmetrically distributed about them, the aver-

age results might be affected by systematic differences. The whole question is doubtful, however, and the

main inference to be drawn is that in taking observations to determine the rotation of the sun, regions as

free as possible from disturbances should be selected and as large a number of observations as possible be

made, in order to reduce the effect of systematic proper motions.

17. DETERMINATION OF THE SOLAR ROTATION WITH THE a LINE OF HYDROGEN.

The details of the observations on the a line of hydrogen at the sun's limb and at points averaging 3 mm
inside the limb have been given in Tables 15-18 in Part I of this discussion. If we collect the values and

form normal places of latitude for the two series, we obtain Table 34.

TABLE 34. -MEAN RESULTS FOR THE o LINE OF HYDROGEN.

AT LIMB.
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An inspection of the results in Table 35 leads to two important conclusions. First, that the absolute

velocity of rotation given by Ha is much higher than that found for the reversing layer. Second, that the

law of change of angular velocity with latitude is quite different, the velocity being more nearly uniform,

or the equatorial acceleration less, than in the case of the reversing layer.

As has been stated previously, it seems probable that the explanation of these results is to be found in

the comparatively high level occupied by hydrogen gas in the sun's atmosphere. The change of angular

velocity with latitude which, as we have seen, appears to be most rapid for the reversing layer, sun-spots,

and facuhe, is almost certainly connected to some extent with the effects of internal friction. This fric-

tion no doubt decreases outward from the photosphere, with the result that for the higher gases the ten-

dency is toward a more nearly uniform rate of rotation in all latitudes. Similarly, as the effect of friction

is reduced, the higher gases tend to acquire greater velocities, the tendency toward orbital motion gradually

becoming stronger. It would of course be necessary to go to immense distances from the sun, certainly

beyond the corona, before the motion could in any sense be considered truly orbital, but a tendency in this

direction might well begin at a comparatively low level. It is of interest to note in this connection that

Campbell's result for the rotation of the corona indicates a very short period. Thus Campbell writes (22) :

The difference of the determinations for the E. and W. sides is o.i i t.m. (Angstrom), corresponding to a relative velocity

in the line of sight for the two sides of 6.2 km, and a rotational velocity of 3.1 km per second. However, I regard this last

result as subject to a possible error of at least 2 km per second, partly on account of unavoidable errors of observation, but

principally on account of the character of the bright line.

A linear rotational velocity of 3.2 km corresponds to a daily angular motion of about 22??, or to a period

of rotation of 15.9 days. It seems probable from the Ha results that at the level of even the lowest parts of

the corona very little equatorial acceleration would be found.

The marked difference in the behavior of Ha at the sun's limb as compared with the violet lines of

the hydrogen series makes it probable that a difference in the level of effective absorption is involved.

Accordingly, I have made a few attempts to measure the rotational velocity given by the Hy line.

The results appear to indicate that Hj gives values averaging about 0.05 km less than Ha, but they are

of extremely low weight on account of the difficulty of measurement of this line. The recent studies by
Hale and Ellerman of the hydrogen flocculi photographed with the different lines of the hydrogen series

would indicate that some such effect might be expected (23).

18. DETERMINATION OF THE SOLAR ROTATION WITH X 4227 OF CALCIUM.

The details of the observations on the line X 4227 of calcium and summaries of the results are given in

Tables 19 and 20 of Part I. If we combine the values about normal points of latitude, we obtain the results

found in Table 36. The reversing layer values from the observations of 1908 are added for comparison.

TABLE 36. COMPARISON OF RESULTS FOR \422^ OF CALCIUM WITH THOSE FOR REVERSING LAYER.
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however, than for hydrogen near the limb, and approximately equal to those for hydrogen taken at a dis-
tance of 3 mm inside the limb.

An investigation of two calcium lines in the less refrangible part of the spectrum has been made by Perot
with interference apparatus (17). Preliminary values of the angular velocity given by him are as follows :

X
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19. COMPARISON OF RESULTS FROM ALL THE LINES INVESTIGATED.

A remarkable feature of the results for ^ 4227 and the two series on the a line of hydrogen is the sudden

increase in angular velocity between 60 and 75 of latitude. Too much stress should perhaps not be laid

upon this, since in high latitudes the angular velocity is extremely sensitive to small differences in linear

velocity ;
and with lines as difficult of measurement as these the entire effect could readily be laid to this

source. A change of 0.018 km at 75, for example, would reduce a value of f of i4?o to i3?S- A similar

effect, however, was found for the lines of lowest level in the reversing layer, the lines of lanthanum and

cyanogen giving exceptionally large deviations in the higher latitudes and in directions opposite to those

found for these high-level lines. Accordingly, there seems to be a slight presumption in favor of the

existence of some cause toward the pole of the sun which tends to make the deviations from the mean

exceptionally large for such lines as give abnormal values.

The results for the two series of observations on Ha, for \ 4227, and for the reversing layer are shown

graphically in Fig. 4. The fifth curve, indicated by a dotted line, represents the curve of linear velocity of

a body rotating with the uniform angular velocity of i5?o a day. It is, of course, the ordinary cosine curve.

In conclusion, it will be of interest to give a graphical representation of the results found in this inves-

tigation for all the lines studied. Accordingly, I have collected the formulas which represent the solution

by least squares of the values of the angular velocity obtained for the reversing layer, Ha, and \4227, and

14.5

14.0

13.5

13.0

IZ.5

11.5

V

Ha at limb
Her within limb
A, 4227

Reversing layer

\

80 90*
"

<t> 10 20 30 40 50 60 70

FIG. 5. Curves representing the values of the angular velocity given by the empirical formula:

derived from the observations of Ha., \ 4227, and the reversing layer. For the last named the

mean of the two series of observations is used.
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have plotted the results for latitudes o to 75 in Fig. 5. The formula obtained from the mean results

for the two series of observations has been employed for the reversing layer.

Reversing layer ...... = 11.04 + 3-5 cos2

$
X 4227 ......... =

12.5 +2.4 cos
2

<

Ha (within limb) ..... f
= 12.8 +2.0 cos2 <

Ha (limb) ........ =13-6 +1.4 cos
2
^)

The numerical values of the angular velocity resulting from these equations are shown in Table 37 for

every 15 of latitude. The values given for the pole are extrapolations based on the formulae, and are, of

course, subject to great uncertainty. An investigation of the region between latitude 75 and the pole
undertaken with powerful apparatus would prove of great value in deciding many questions connected

with the law of the sun's rotation.

TABLE 37. FINAL RESULTS FOR THE ANGULAR VELOCITY.

<t>
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7. The fact that these observations, as well as those of Duner and Halm, are satisfied by the Faye

equation indicates that this represents with a considerable degree of accuracy the law of the sun's rotation

to within 10 of the pole.

8. A comparison of the probable errors of the 1906-1907 observations with those of the 1908 series

indicates a marked gain in accuracy for the latter. The results for both series appear to show a decided

superiority for the photographic method over the visual so far as the degree of accuracy is concerned.

9. The displacements of the spectrum lines may be influenced seriously by proper motions of the re-

versing layer. These may be very large in the neighborhood of the disturbed regions which are usually

associated with sun-spots. A value amounting to 0.2 km has been observed in one such case. It is most

important that in observations of the rotation of the sun such regions should be avoided so far as possible.

10. A study of the a line of hydrogen shows that the gas producing this line movesat a muchmore rapid

rate than the general reversing layer, and that the change of angular velocity with increasing latitude is

very much less. At the equator the difference from the reversing layer is about o5, while at 75 of lati-

tude it amounts to over 2.5.

1 1 . The results for the angular velocity obtained from Ha at a short distance inside the limb are appre-

ciably smaller than those for the line at the limb. This is probably due to the lower average level of the

gas involved in the formation of the line within the limb.

12. The line X 4227 also gives decidedly larger values of the rotational velocity than do the lines of the

reversing layer. The values are, however, smaller than for Ha at the sun's limb, and not far from equal to

those for Ha within the limb. The equatorial acceleration is considerably greater for X 4227 than for Ha
at the limb.

13. The observations on both Ha and X 4227 appear to indicate an increase in the angular velocity near

the sun's pole. This is the converse of the result found for the lines of the reversing layer which give

abnormally low values, and may perhaps be a genuine effect.

14. The comparison of the results on Ha, X 4227, and the lines of the reversing layer shows that the

observations are all satisfied by a law of rotation in which the velocity increases and the equatorial accelera-

tion decreases with increasing distance outward from the sun's surface. The cause of this probably lies

in the effects of friction in the lower portions of the solar atmosphere.

15. Comparison with the results for sun-spots, faculae, and the calcium flocculi gives the following

sequence in order of decreasing equatorial acceleration : spots and faculas, X 4227, calcium flocculi, Ha.

The reversing layer, however, shows a greater amount of equatorial acceleration than any of these. If we

assume, in accordance with Wilsing's theory, that there are two surfaces of constant angular velocity in the

case of a rotating body such as the sun, it is possible that the reversing layer may lie in the position where

the departure from this condition is a maximum. On this basis the spots and faculae which lie near the

inner surface of uniform velocity, and X 4227, the calcium flocculi, and Ha, which lie nearer the outer

surface, would all show less equatorial acceleration.

I am under the greatest obligation to Mr. Hale for many suggestions during the progress of this inves-

tigation and for a deep interest in it. Among the numerous advances in solar spectroscopy made possible

by his design and construction of the tower telescope is to be included the marked gain in accuracy of the

later series of observations of the rotation of the sun. I am also greatly indebted to Miss Lasby and to

Miss Waterman, of the Computing Division, for aid in the measurement and reduction of the plates.

The measurement of many of the plates has been carried out by Miss Lasby alone, and a large part

of the great labor involved in their reduction and in the solution of the empirical formulae has been divided

between Miss Lasby and Miss Waterman.
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